Scanning tunneling microscopy was applied to study the lateral variation of the local density of electronic states on the Bi͑111͒ surface in the vicinity of a point defect. At an energy close to the Fermi level a characteristic pattern with a threefold symmetry is found. The pattern can be attributed to the scattering between two electronic surface states which are split by spin orbit coupling. The observation is well described by the superposition of three monochromatic waves. The phase of the waves relative to the center of the defect leads to a reduction to a threefold symmetry. © 2011 American Institute of Physics. ͓doi:10.1063/1.3536528͔
The electron transport in metals and semiconductors is an important field of research since it crucially influences the efficiency, the size and the lifetime of electronic components. Recently, bismuth has gained fairly much attention due to its possible application, e.g., in spintronics such as field sensors.
1,2 Bulk bismuth is a semimetal, but it exhibits metallic surface states, e.g., on the ͑100͒, ͑110͒, and ͑111͒ surface. [3] [4] [5] It can serve as a prototype system to study transport phenomena within electronic surface states under the influence of strong spin orbit splitting. 6, 7 Although for these systems scattering processes connecting the wave vectors k ជ and −k ជ are forbidden, scattering of the surface state electrons between different wave vectors may result in standing waves of the local density of electronic states, as observed by tunneling microscopy for Bi͑110͒ and Bi͑111͒ as well as for Sb͑111͒. [8] [9] [10] There are theoretical works proposing ultrathin Bi͑111͒ films to be topological insulators. [11] [12] [13] These materials have peculiar transport properties. 14 The corresponding band structures have been studied theoretically 15, 16 and experimentally by photoelectron spectroscopy 17 for example for Bi 1−x Sb x alloys, Bi 2 Te 3 and Bi 2 Se 3 . Their topological surface states have recently attracted a lot of attention as a base for future electronic applications. They are protected against electronic scattering, even when perturbed by nonmagnetic impurities or other interactions. This has been confirmed experimentally 18, 19 as well as theoretically. 20 In spite of the predicted reduction of scattering processes, it was recently shown that on the Bi͑111͒ surface defects like adatoms or islands have a crucial influence on the conductivity of thin Bi͑111͒ films. 21 The present paper focuses on the analysis of the scattering processes of the surface state electrons at a local defect on a thin Bi͑111͒ film. Particularly, the anisotropy in the variation of the local density of electronic states ͑LDOS͒ around the defect will be discussed.
The experiments were conducted in a homebuilt low temperature scanning tunneling microscope ͑LT-STM͒ at a base pressure of 5 ϫ 10 −10 mbar. During experiments, both, the tip and the sample were cooled to about 80 K by liquid nitrogen using a continuous flow cryostat ͑Helitran LT-3B͒. Pt/Ir ͑90/10͒ tips were prepared by mechanical cutting and cleaned in situ by direct current heating. The Si͑111͒ substrate was cleaned by several cycles of direct current heating to 1500 K, followed by a controlled cooling to room temperature to generate the 7 ϫ 7-reconstruction. Low energy electron diffraction ͑LEED͒ measurements verified the quality of the substrate. A film of Bi͑111͒ with a nominal thickness of about 25 bilayers was epitaxially grown in situ. 22 The STM data were acquired using the open source software GxSM 23 and processed using WSxM. 24 All given bias voltages refer to the sample. The dI/dV data were collected using lock-in technique modulating the bias voltage by ⌬V pp = 4 mV at a frequency of 2 kHz. Figure 1͑a͒ shows the topography near a step edge and a point defect on the adjacent Bi terrace ͑marked by a dashed circle͒. To characterize the size of the defect in more detail, a line profile across the defect and the step edge is displayed in Fig. 1͑d͒ . Since the protrusion at the defect is less than 0.5 Å, it can be excluded that it is an island formed by several bismuth atoms because the latter would appear much higher in the STM contour. An individual bismuth atom would diffuse at the given temperature of 80 K. However, the protrusion may be an adsorbate pinned at a dislocation site in the bismuth film. Such dislocations have been observed in images exhibiting atomic resolution.
The scattering of the surface state electrons is revealed by a stationary interference pattern in the LDOS. 25, 26 In good approximation the latter is given by the derivative of the tunneling current with respect to the tunneling voltage ͑dI/ dV͒. Figure 1͑b͒ shows the dI/dV image, which was obtained simultaneously to the topographic image shown in Fig. 1͑a͒ . The right side is dominated by the interference pattern of the scattering processes at the step edge. This will be discussed in greater detail elsewhere. In the middle of the image a starlike pattern with threefold symmetry is found, which is centered at the defect.
To evaluate the contribution of different scattering vectors, a simple numerical simulation based on the superposition of three standing waves was performed. This was realized using the formula 27 dI dV
where r ជ is the position relative to the scattering center, r min ensures the finite size of the scattering center, ⌬k is the magnitude of the contributing scattering vectors, û i are the unit vectors as indicated in Fig. 1͑b͒ ,
is the phase and C is a constant additive factor describing the LDOS of the undisturbed surface. The same pattern is obtained by summing over six plane waves, if the −û i -directions are included using −. The simulated image is displayed in Fig. 1͑c͒ .
The prefactor warrants that the intensity decays like 1 / r for large r as expected for a point scatterer in 2D. By replacing r by the geometric mean of r and r min = 0.7 nm the expression remains finite for r = 0. The exact value of r min is not crucial. As can be seen by comparing Figs. 1͑b͒ and 1͑c͒ , the agreement with the experimental data is surprisingly good given the simplicity of the expression.
A significant parameter of the numerical simulation is the scattering vector, which scales the figures radially. The best agreement to the measurement is found for ⌬k = 0.2 Å −1 . There are probably other scattering vectors involved; however, their contribution is of minor importance. The electronic scattering in the surface states of Cu͑111͒ ͑Ref. 25͒ or Au͑111͒ ͑Ref. 26͒ has been widely studied. For these metals the splitting of the surface state bands results in concentric circular Fermi surfaces around the ⌫-point. Between these states the scattering is fully isotropic. In contrast, the Fermi surface of Bi͑111͒ has a sixfold symmetry. Figure  2 shows the Fermi surface calculated using density functional theory in the local density approximation. 7 The calculations are in good agreement with the findings by angle resolved photoemission spectroscopy. 5, 29 From the magnitude and direction of the scattering k ជ -vectors observed in the interference pattern around the point defect, the processes can be attributed to transitions between the two spin split states as indicated for each direction ͑û 1 , û 2 , û 3 ͒ by a solid blue arrow. This agrees with the observation for the scattering of surface state electrons on Sb͑111͒. 10 One of the "symmetric processes" is indicated for the −û 1 -direction by the dashed blue arrow.
However, the scattering pattern observed in real space around the point defect only shows a threefold symmetry. This is confirmed by the comparison between the measured data and the numerical simulation shown in Fig. 1͑c͒ . The best agreement is found for a phase of = 1.4 radϵ 80°. As can be seen in the line profile displayed in Fig. 1͑d͒ , the resulting oscillation in the LDOS is very asymmetric with respect to the scattering center ͑at = 90°maximum asymmetry would occur͒. This shows that the scattering processes of the electron waves propagating with k ជ and −k ជ are not symmetric with respect to the center of the point defect.
The Bi͑111͒ surface exhibits a threefold symmetry. This is already evident if one considers only the two topmost layers, all following layers do not further affect the symmetry. For a defect which is given by an additional or a missing atom, the nearest neighbor atoms on each symmetry axis of the scattering pattern lie asymmetric around the defect. Thus the periodic surface potential will be perturbed by a potential with a threefold symmetry around the defect. This could explain the phase shift in the oscillation of the LDOS to some extend.
In summary, we have studied the scattering of surface state electrons at a point defect on Bi͑111͒. The findings are of major importance for the understanding of the electric conduction within the electronic surface states of Bi͑111͒. Due to the conservation of the spin and the strong spin orbit splitting the scattering processes are strongly restricted for Bi͑111͒. Hence, a high conductivity would be expected. However, the strong modulation of the LDOS around the defect reveals important scattering processes which correspond to transitions between two different spin orbit split states conserving the spin. This may lead to a significant reduction of the conductivity. The pattern in the LDOS is highly anisotropic exhibiting a threefold symmetry. It reveals that the scattering processes of the electron waves propagating with opposite wave vectors are not symmetric with respect to the center of the point defect.
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